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Summary
Objective: Quantitative magnetic resonance imaging (qMRI) of knee cartilage morphology is a powerful research tool but relies on expensive
and often inaccessible 1.5 T whole-body equipment. Here we examine the reproducibility and accuracy of qMRI at 1.0 T by direct comparison
with previously validated technology.
Methods: Coronal images of the knee were obtained in six healthy and six osteoarthritic participants. Two data sets were acquired with a 1.5 T
whole-body magnetic resonance imaging (MRI) system and two with a 1.0 T peripheral MRI system, with repositioning between scans. Pro-
prietary software was used to analyze surface area, volume, and thickness of femoral and tibial cartilage.
Results: At 1.0 T, precision errors for surface areas (root-mean-square (RMS) coefﬁcient of variation (CV%)¼ 1.7e2.6%) were higher than
those at 1.5 T (1.0e2.1%). For volume and thickness, precision errors were 2.9e5.5% at 1.0 T compared to 1.6e3.4% at 1.5 T. High levels
of agreement were found between the two scanners over all plates. With the exception of lateral femoral cartilage (volume and thickness), no
statistically signiﬁcant systematic bias was found between 1.0 T and 1.5 T.
Conclusions: This is the ﬁrst reported study to show that knee cartilage morphology can be determined with a reasonable degree of accuracy
and precision using a 1.0 T peripheral scanner. Peripheral MRI is less costly, can be performed in clinical ofﬁces, and is associated with higher
patient comfort and tolerance than 1.5 T whole-body MRI. Implementation of qMRI with peripheral systems may thus permit its more wide-
spread use in clinical research and patient care.
ª 2006 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Quantitative magnetic resonance imaging (qMRI) of knee
cartilage morphology has been shown to be a powerful
tool in osteoarthritis (OA) research1e7 and holds promise
in the evaluation of disease modifying drugs8,9. The tech-
nique has the capacity to examine distinct, well-deﬁned,
three-dimensional (3D) cartilaginous regions and to provide
a variety of morphological variables of interest to clinicians
and researchers. Although minimum joint space width
(mJSW) is a widely accepted surrogate measure of carti-
lage thickness (ThCtAB) and can be used to monitor dis-
ease progression, it possesses many limitations that qMRI
may potentially overcome. For instance, mJSW provides
an indirect assessment of 3D structure based on a projective
two-dimensional (2D) measurement, is valid only in the me-
dial femoro-tibial compartment10, and is susceptible to
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luxation11,12. qMRI has an added advantage toward patient
safety in that no ionizing radiation is employed during image
acquisition.
Currently, the widespread use of qMRI, particularly within
clinical rheumatology, is impeded by the expense and lim-
ited accessibility of standard 1.5 T whole-body magnetic
resonance imaging (MRI) equipment. In contrast, small
bore, peripheral MRI scanners can be sited in regular clini-
cal ofﬁces due to their requirement of a small footprint,
lower capital, installation and maintenance costs and provi-
sion of improved patient comfort and tolerance13,14. The lat-
ter is due to lower gradient noise levels, a smaller fringe
ﬁeld, and, because only the patient’s knee is placed within
the bore of the magnet, the incidence of claustrophobia is
eliminated. There is, therefore, signiﬁcant merit in the imple-
mentation of qMRI of cartilage morphology using peripheral
MRI, both in the context of clinical research studies and po-
tentially also in routine patient care.
Two objectives were pursued in this study. The ﬁrst was
to establish the reproducibility (short-term testeretest preci-
sion) of qMRI of knee cartilage morphology using a 1.0 T
peripheral MRI scanner. The second objective was to indi-
rectly establish the accuracy of the technique at 1.0 T by
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idated technology on a 1.5 T whole-body MRI scanner.
Materials and methods
Twelve volunteers, including six healthy subjects and six
with knee OA, consented to participate in this study. The
protocol was ratiﬁed as an addendum to a study previously
approved by the Institutional Research Ethics Board.
Healthy subjects were deﬁned by an absence of knee
pain, bone/joint disease and knee injury, and comprised
two males and four females, having a mean age (standard
deviation (SD)) of 29.7 (5.0) years, and a mean body mass
index (BMI (SD)) of 24.1 (2.4) kg m2. The OA group con-
sisted of female patients who had been diagnosed by
a rheumatologist (PB) to have mild to moderate symptom-
atic knee OA. The mean age (SD) and BMI (SD) were
61.7 (10.4) years and 28.1 (4.8) kg m2, respectively. An
anterioreposterior radiograph of each volunteer’s non-dom-
inant knee was acquired using the ﬁxed ﬂexion technique15.
OA status was evaluated by a radiologist (MP) using the
KellgreneLawrence (KeL) scale16. Of the six volunteers
with OA, three had KeL grade 2 and three had KeL grade
3. All healthy subjects had KeL grade 0.
MRI examinations were performed using a Siemens Mag-
netom 1.5 T whole-body scanner with a circular polarized
transmit-receive extremity coil, and an ONI Medical
Systems OrthOne 1.0 T peripheral scanner (Fig. 1), with
its proprietary 180 mm removable quadrature volume trans-
mit-receive coil. A total of four 3D coronal acquisitions were
Fig. 1. ONI Medical Systems, Inc., OrthOne 1.0 T peripheral MRI
scanner.obtained of each subject’s non-dominant knee: two at 1.5 T
using a previously validated fast low angle shot selective
water-excitation sequence (FLASH w-e)6,7,17 and two at
1.0 T using a spoiled 3D gradient-echo sequence with
pre-pulse fat-saturation (3DGRE fat-sat). Details of the
scan parameters and resolution of the images are pre-
sented in Table I. Scan planning was graphically prescribed
such that the ﬁnal double oblique coronal sequence pro-
duced slices perpendicular to the bone interface of the tibia
and parallel to the posterior tips of the femoral condyles, so
that, posteriorly, the condyles have the same size medially
and laterally as described by Glaser et al.18 (Fig. 2). At each
site, subjects were removed from the examination room be-
tween replicate scans and allowed to move about for ap-
proximately 10 min. One operator trained in the use of
that speciﬁc MRI scanner performed the examinations on
each system. Imaging on the 1.5 T whole-body and 1.0 T
peripheral systems occurred within 4 weeks.
The MR images were stored on CD ROM in DICOM for-
mat and shipped to an image analysis center (Chondromet-
rics GmbH, Ainring, Germany). Image analysis was
performed using proprietary software, as described previ-
ously19. Image segmentation involved slice-by-slice manual
tracing of the boneecartilage interface and cartilaginous
surface of the medial tibial plateau (MT), lateral tibial pla-
teau (LT), central medial femoral condyle (cMF) and central
lateral femoral condyle (cLF). Tibial cartilage plates were
segmented throughout all slices that displayed tibial carti-
lage. Femoral cartilage plates were analyzed in a region
of interest (ROI), with the most anterior slice of the ROI
(cMF and cLF) being deﬁned as the border between troch-
lear and condylar cartilage, and with the most posterior slice
of the ROI being located at the level of the posterior end of
the bone bridge connecting the medial and lateral femoral
condyles. Each data package (four coronal scans per pa-
tient) was analyzed within one image analysis session.
The 1.0 T scans were analyzed ﬁrst and the (segmented)
initial 1.0 T scan was uploaded on the screen during seg-
mentation of the repeat 1.0 T scan so as to simulate the
conditions of image analysis for a longitudinal study. The
1.5 T scans were analyzed without uploading the seg-
mented 1.0 T scans to exclude bias. However, the (seg-
mented) initial 1.5 T scan was uploaded on the screen
during segmentation of the repeat 1.5 T scan, as had
been done at 1.0 T. Analysts were blinded to the OA status
of the subjects.
Quality control (QC) of all cartilage segmentations was
performed by a single expert (FE), who reviewed all seg-
mented slices of each data set. If required, QC comments
(text or drawings) were entered interactively with the
Table I
MRI pulse sequence parameters
1.5 T Magnetom 1.0 T OrthOne
Sequence FLASH w-e 3DGRE fat-sat
TR (ms) 18.6 59
TE (ms) 9.34 10.9
Flip angle (deg) 15 37
FOV (mm) 160 160
N frequency (column) 512 512
N phase (row) 512 256
[zero-ﬁlled to 512 ]
Slice thickness (mm) 1.5 1.5
N slices 52 56
Spatial resolution (mm3) 0.31 0.31 1.5 0.31 0.31 1.5
Scan time (min:s) 8:15 14:09
112 D. Inglis et al.: Cartilage Measurements on a 1.0 T pMRI systemFig. 2. 1.0 T graphical scan planning: (a) FSE coronal scout, (b) FSE sagittal scout, (c) FSE axial scout, (d) ﬁnal coronal 3DGRE fat-sat. Axial
reference lines (red) and ﬁnal coronal slice reference (yellow).software and the technician who had performed the seg-
mentations and adjusting them accordingly until all seg-
mentations were rated satisfactory by the expert. The
segmentations were then used to derive a quantitative mea-
sure of the size of the cartilage surface area (AC) by trian-
gulation20, cartilage volume (VC) by numerical integration of
segmented voxels, and ThCtAB by 3D distancetransformation2, computing the minimal distance from artic-
ular surface to bone interface. Figure 3 illustrates cartilage
delineation of the ﬁrst and last slices of the condylar ROI
on both systems for a KeL grade 2 (mild OA) subject.
Statistical analyses were formulated according to the two
study objectives. Short-term precision errors (reproducibil-
ity) for each MRI system were deﬁned by calculating theFig. 3. Example of image segmentation for a KeL grade 2 subject. First slice included in condylar ROI: (a) 1.0 T, (b) 1.5 T. Last slice included:
(c) 1.0 T, (d) 1.5 T. Segmentation boundaries (green, magenta) shown.
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from the repeated measures21. Wilcoxon signed-rank tests
were performed to identify statistically signiﬁcant differ-
ences in precision between protocols. RMS SD values
were also calculated for comparison with other studies.
The validity of the technique at 1.0 T was evaluated by de-
termining the level of agreement between the two MRI sys-
tems as assessed by intra-class correlation coefﬁcient (ICC
[2,1]) and by quantifying under/overestimation in terms of
random and systematic (%) pair-wise differences. System-
atic bias was identiﬁed using a Wilcoxon signed-rank test.
Results of statistical tests were considered signiﬁcant at
the 5% level.
Image quality was assessed in terms of mean cartilage
signal-to-noise ratio (SNR) and the SNR efﬁciency of
each pulse sequence was determined. A software pro-
gram was developed to calculate SNR values for individ-
ual and aggregate cartilage plates using the segmentation
maps of the subjects’ 1.0 T and 1.5 T MRI scans. The
segmentation map for each cartilage plate was applied
as a volumetric binary mask over the corresponding
gray scale MRI data so that mean signal intensities could
be directly quantiﬁed without bias. For each cartilage
plate, noise was quantiﬁed as the SD of an identical num-
ber of (artifact free) background pixels identiﬁed using
hand-drawn polygonal ROIs. In the case of aggregate
measures (i.e., all plates combined) the same procedure
was applied such that an identical total number of back-
ground pixels was identiﬁed. SNR was calculated as
the mean cartilage signal intensity divided by the noise
SD. SNR efﬁciency was calculated as SNR divided by
the square root of the total scan time (excluding scout ac-
quisition time) in seconds. SNR values and efﬁciencies
were pair-wise compared and tested for statistically signif-
icant differences using a Wilcoxon signed-rank test.
Results
At 1.0 T, average precision errors for AC (pooled
healthy and OA subjects) ranged from 1.7% (MT) to
2.6% (cMF) and were higher than those at 1.5 T: 1.0%
(LT) to 2.1% (cMF). A small but statistically signiﬁcant dif-
ference in precision of area was found in the lateral tibia
for OA subjects (P< 0.04). The precision errors for VC
ranged from 3.6% (MT) to 5.5% (cMF) at 1.0 T and
were higher than at 1.5 T: 1.6% (LT) to 3.4% (cMF).
ThCtAB precision errors ranged from 2.9% (MT) to
4.1% (cMF) at 1.0 T and were also generally higher
than those at 1.5 T: 1.6% (MT) to 3.2% (cMF). No signif-
icant differences in the precision of volume or thickness
were found. A summary of RMS CV% and RMS SD
values is provided in Table II. In general, and as ex-
pected, with both MR scanners the RMS CV% associated
with OA subjects were somewhat higher than those asso-
ciated with healthy subjects because the denominator
(e.g., VC) by which the SD is divided was smaller in
the OA subjects. However, the RMS SD values for
repeated measurements were similar between OA and
healthy participants (not shown).
When determination of the level of agreement between
the two MRI systems was assessed in terms of ICC, high
levels of agreement were found between the two scan-
ners over all cartilage plates for surface area: 0.999
(upper 95% conﬁdence limit: 0.999), volume: 0.996
(0.998), and thickness: 0.966 (0.982). Similar resultswere found for analyses of individual cartilage plate
(Table III) and subject classiﬁcations (not shown).
The average under/overestimation at 1.0 T vs 1.5 T
ranged from 1.0% to 1.9% for surface area, from 7.7%
to 1.4% for volume, and from 9.7% to 1.7% for thickness.
With the exception of the lateral femur (VC, ThCtAB) in
healthy subjects, there was no statistically signiﬁcant sys-
tematic bias in the data assessed with a Wilcoxon signed-
rank test (Table III).
Mean cartilage SNR (pooled subjects, all plates) was
13.0 1.9 (SD) at 1.0 T and was signiﬁcantly higher
(P< 0.001) than at 1.5 T: 10.2 0.9. Ratios of mean carti-
lage SNR (1.0 T/1.5 T) were 1.26: LT and cLF, 1.30: MT,
1.33: cMF and 1.28: all plates together (Table IV). SNR ef-
ﬁciencies (pooled subjects, all plates) were 0.45 0.07 s1/2
at 1.0 T and 0.46 0.04 s1/2 at 1.5 T and were statistically
equivalent (P> 0.5). Similar results were found for individ-
ual cartilage plates (Table IV). No differences in SNR and
SNR efﬁciency results were found between healthy and
OA subjects’ scans either within or between machines
(not shown).
Table II
Short-term testeretest precision errors of qMRI at 1.0 T and 1.5 T
Cartilage
ROI
Parameter 1.0 T 3DGRE fat-sat
RMS CV% (RMS SD)
1.5 T FLASH w-e
RMS CV%
(RMS SD)
MT AC 1.7 (23 mm2) 1.8 (23 mm2)
VC 3.6 (58 ml) 2.1 (36 ml)
ThCtAB 2.9 (45 mm) 1.6 (25 mm)
LT AC 2.0 (24 mm2) 1.0 (12 mm2)
VC 4.5 (86 ml) 1.6 (30 ml)
ThCtAB 4.0 (75 mm) 1.7 (35 mm)
cMF AC 2.6 (10 mm2) 2.1 (7 mm2)
VC 5.5 (24 ml) 3.4 (20 ml)
ThCtAB 4.1 (54 mm) 3.2 (41 mm)
cLF AC 1.8 (8 mm2) 1.4 (6 mm2)
VC 4.1 (26 ml) 3.1 (16 ml)
ThCtAB 4.2 (66 mm) 2.8 (36 mm)
Table III
















MT AC 0.984 (0.995) 2.2 1.0
VC 0.986 (0.996) 5.0 1.6
ThCtAB 0.980 (0.994) 4.4 1.2
LT AC 0.966 (0.990) 3.5 1.2
VC 0.974 (0.993) 4.6 1.3
ThCtAB 0.974 (0.993) 3.7 1.7
cMF AC 0.995 (0.999) 2.8 1.9
VC 0.985 (0.996) 6.3 1.4
ThCtAB 0.972 (0.992) 6.4 0.8
cLF AC 0.996 (0.999) 3.0 0.7
VC 0.942 (0.987) 9.5 7.7*
ThCtAB 0.889 (0.977) 10.1 9.7*
*P< 0.05.
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This is the ﬁrst reported study to determine the short-term
reproducibility of quantitative knee cartilage morphology us-
ing a peripheral 1.0 T MRI system and to establish the ac-
curacy of the technique by comparing results against
those obtained using previously validated technology on
standard whole-body MRI equipment. Our research indi-
cates that the 1.0 T OrthOne system holds promise as an
alternative to higher ﬁeld strength systems for quantitative
evaluation of knee OA.
To overcome the perception that the peripheral MRI sys-
tem employed in this study is disadvantaged due to its lower
ﬁeld strength, we have demonstrated that mean cartilage
SNR is signiﬁcantly higher in images obtained with the
1.0 T system than in those acquired at 1.5 T (>1.26:1). To
address economic and accessibility issues, we obtained
current costs and siting requirements that are representa-
tive of the two systems22,23. The purchase cost ratio of
a 1.5 T Magnetom system to a 1.0 T OrthOne system is
3.7:1. Radio frequency (RF) shielded enclosure costs and
annual maintenance costs for both systems are each ap-
proximately 10% of the system price. The 1.0 T system
can be sited in a standard clinical ofﬁce without structural
modiﬁcations, requiring a minimum footprint of 15.5 m2 for
the operator’s console, patient scan room and equipment
room. The 1.5 T system used in this study occupied an ag-
gregate footprint of 86.6 m2. Site preparation costs (exclud-
ing RF enclosure) can range from 15:1 to 40:1, depending
on the location of the 1.5 T magnet.
Although higher ﬁeld strength whole knee examinations
can be acquired in less time, the substantially lower costs
and enhanced accessibility make the 1.0 T OrthOne system
an attractive alternative to standard whole-body clinical sys-
tems for extremity imaging. Roemer et al.24 developed
a time-efﬁcient sequence protocol on the OrthOne scanner
for whole-organ scoring of OA (WORMS). The authors
found that a protocol incorporating two fat suppressed fast
spin echo (FSE) proton density weighted sequences and
a coronal STIR sequence afforded reliable observation of
bone marrow abnormalities, subarticular cysts, marginal os-
teophytes, menisci and cartilage with a total scan time of
11 min 49 s. Although the SNR efﬁciencies for that protocol
were not reported, the SNR efﬁciency of our 1.0 T (3DGRE
fat-sat) qMRI sequence was equivalent to that of our 1.5 T
(FLASH w-e) sequence. Currently, our protocol incorpo-
rates scouts covering all three anatomical planes amount-
ing to a total scan time of 16 min 5 s. The WORMS
protocol could directly replace these scout sequences with
additional scan time amounting to 25 min 58 s, a duration
which has been reported to be well tolerated by healthy
subjects and OA patients25.
Precision errors reported for knee AC, VC and ThCtAB
were generally higher at 1.0 T than those obtained with
Table IV





1.0 T 3DGRE fat-sat
SNR efﬁciency
(s1/2)
1.5 T FLASH w-e
SNR efﬁciency
(s1/2)
MT 1.30 0.44 0.45
LT 1.26 0.44 0.46
cMF 1.33 0.47 0.47
cLF 1.26 0.46 0.48
All 1.28 0.45 0.46the previously validated 1.5 T protocol. To date, published
research has estimated annual rates of cartilage loss in
OA patients to be approximately 3.8e4.5%4,5,26,27. In this
study, the magnitude of the precision errors for OA subjects
at 1.0 T was 2.4e5.8% for VC and ThCtAB. These values
are in the range of what has previously been published
for a similar group of subjects and at comparable spatial
resolution9. A power calculation done to determine group
size for a given effect at an estimated rate of change would
result in a somewhat larger cohort for the 1.0 T system than
for the 1.5 T system. However, given the lower costs and
potential for widespread use, a larger group size needed
with the OrthOne system may not be a problem and the
beneﬁts may still outweigh the drawback of higher
recruitment.
In terms of cross-validation, cartilage measurements at
1.0 T correlated highly with those at 1.5 T. However, volume
and thickness measurements of lateral femoral cartilage
were systematically underestimated (VC: 7.7%, ThCtAB:
9.7%) and appear fairly large in comparison with our ﬁnd-
ings for other cartilage metrics and in other plates (<2%). In
particular, three of the six healthy subjects presented under-
estimations of 15e22%, while all other subjects presented
systematic differences <10%. We investigated whether de-
viation of the coronal scans from perfect bull’s eye align-
ment could be the circumstance under which these
particular underestimations occurred. Using multi-planar re-
formatting software, we were able to estimate the angular
deviation from perfect bull’s eye alignment in all scans.
No angular deviation was found in the three healthy sub-
jects’ 1.0 T scans (i.e., perfect alignment). However, all
three subjects presented mal-aligned scans at 1.5 T with
deviations of 0.6e1.5 and with lower precision than at
1.0 T. Although the other nine volunteers presented angular
deviations in some or all of their scans, we were unable to
discern a relationship between angular deviation and its ef-
fect on measurement precision in the central lateral femur.
No bias was found with tibial measurements wherein the
average volume of tissue is approximately greater than
3:1 compared with the anatomically deﬁned condylar
ROIs. A hypothesis warranting further study is that the ac-
curacy of qMRI of femoral cartilage is affected by mal-align-
ment of the 1.0 T coronal scans.
The results of this study indicate that qMRI can be reliably
performed using an OrthOne 1.0 T peripheral MRI scanner.
The precision errors for the reported metrics were higher
than those at 1.5 T. However, measurements obtained at
1.0 T correlated highly with those obtained at 1.5 T and,
with a few exceptions, were found to display no signiﬁcant
under/overestimation. Future research will be directed to-
ward establishing long-term reproducibility and assessing
improvements in precision of femoral cartilage metrics due
to multi-planar reconstruction of mal-positioned coronal
scans.
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